Ankyrin G 480/270 kDa and three ankyrin-binding integral membrane proteins (neurofascin, NrCAM, and the voltagedependent sodium channel) colocalize within a specialized domain of the spectrin-actin network found at axonal segments of nodes of Ranvier in myelinated axons. Before myelination in embryonic nerves, ankyrin G 480/270 kDa and the related ankyrin isoform ankyrin B 440 kDa are co-expressed along with NrCAM in an abundant, continuous distribution along the length of axons. This study has resolved intermediate stages in the developmental transition from a continuous distribution of ankyrin G 480/270 kDa in all axons to a highly polarized localization at the node of Ranvier in the developing rat sciatic nerve. The first detected event is formation of clusters containing the cell adhesion molecules neurofascin and NrCAM at sites independent of myelin-associated glycoprotein (MAG)-staining Schwann cell processes. Subsequent steps involve recruitment of ankyrin G 480/270 kDa and the voltage-dependent sodium channel to cluster sites containing cell adhesion molecules, and elaboration of MAG-staining Schwann cell processes adjacent to these cluster sites. Formation of the mature node of Ranvier results from the fusion of asynchronously formed pairs of clusters associated with MAG-positive Schwann cells flanking the site of presumed node formation. Studies with the hypomyelinating mutant mouse trembler demonstrate that the elaboration of compact myelin is not required for the formation of these clustered nodal intermediates. Clustering of neurofascin and NrCAM precedes redistribution of ankyrin G 480/270 kDa and the voltage-dependent sodium channel, suggesting that the adhesion molecules define the initial site for subsequent assembly of ankyrin and the voltage-dependent sodium channel.
Ankyrin G 480/270 kDa and three ankyrin-binding integral membrane proteins (neurofascin, NrCAM, and the voltagedependent sodium channel) colocalize within a specialized domain of the spectrin-actin network found at axonal segments of nodes of Ranvier in myelinated axons. Before myelination in embryonic nerves, ankyrin G 480/270 kDa and the related ankyrin isoform ankyrin B 440 kDa are co-expressed along with NrCAM in an abundant, continuous distribution along the length of axons. This study has resolved intermediate stages in the developmental transition from a continuous distribution of ankyrin G 480/270 kDa in all axons to a highly polarized localization at the node of Ranvier in the developing rat sciatic nerve. The first detected event is formation of clusters containing the cell adhesion molecules neurofascin and NrCAM at sites independent of myelin-associated glycoprotein (MAG)-staining Schwann cell processes. Subsequent steps involve recruitment of ankyrin G 480/270 kDa and the voltage-dependent sodium channel to cluster sites containing cell adhesion molecules, and elaboration of MAG-staining Schwann cell processes adjacent to these cluster sites. Formation of the mature node of Ranvier results from the fusion of asynchronously formed pairs of clusters associated with MAG-positive Schwann cells flanking the site of presumed node formation. Studies with the hypomyelinating mutant mouse trembler demonstrate that the elaboration of compact myelin is not required for the formation of these clustered nodal intermediates. Clustering of neurofascin and NrCAM precedes redistribution of ankyrin G 480/270 kDa and the voltage-dependent sodium channel, suggesting that the adhesion molecules define the initial site for subsequent assembly of ankyrin and the voltage-dependent sodium channel.
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The localization of ion channels, in particular the voltagedependent sodium channel, to gaps in the myelin sheath known as the nodes of Ranvier, is crucial to the propagation of saltatory action potentials in myelinated nerves. In the internodal axonal membrane, the voltage-dependent sodium channel is found at concentrations of 20 -25 channels/m 2 , compared with concentrations ranging from 1000 channels/m 2 (Shrager, 1989) to 12,000 channels/m 2 (Ritchie and Rogart, 1977) at the node of Ranvier. The asymmetric distribution of ion channels in the myelinated axon and the regular spacing of these nodes at ϳ100 times the axonal diameter (Rushton, 1951; Chiu, 1980) are critical for the fast conduction velocities associated with these axons and represent an interesting problem in cell polarity and membrane differentiation.
A clue as to the molecular organization of the node comes from observations that the voltage-dependent sodium channel copurifies and binds with high affinity to the peripheral membrane protein ankyrin (Srinivasan et al., 1988) . In addition, other ankyrin-binding proteins are also localized at the node, including isoforms of neurofascin and NrCAM (Davis et al., 1993 (Davis et al., , 1996 , ankyrin-binding cell adhesion molecules related to L1 (for review, see Hortsch, 1996) . Ankyrin itself is localized at the 1-to 2-m-size nodal axonal plasma membrane (Kordeli et al., 1990) and is a component of the electron dense undercoating observed beneath the nodal membrane (Peters, 1966; Ichimura and Ellisman, 1991) . Ankyrins are a family of spectrin-binding proteins that associate with diverse integral proteins, including ion channels, calcium-release channels, and cell adhesion molecules, and link these proteins to the spectrin-based membrane skeleton (for review, see Bennett and Gilligan, 1993; Lambert and Bennett, 1993) . The isoforms of ankyrin localized at nodes of Ranvier have recently been identified as 480 and 270 kDa alternatively spliced variants of the ankyrin G gene (Kordeli et al., 1995) . These ankyrin isoforms are concentrated at axon initial segments and nodes of Ranvier in the adult rat CNS and PNS (Kordeli et al., 1995) , and to our knowledge they represent the first unique cytoplasmic components of the node to be identified. Nodal ankyrin isoforms are distinguished by a 46 kDa serinethreonine-rich domain glycosylated with O-GlucNAc residues (Zhang and Bennett, 1996) , and like other ankyrins associate with integral proteins through a membrane-binding domain comprising 24 ANK repeats. Biochemical studies of this domain (Michaely and Bennett, 1995a,b) suggest that ankyrin could facilitate lateral homo-and heterocomplexes between integral membrane proteins.
The absence of suitable molecular markers has hindered elucidation of the role of components of the electron-dense undercoating in the differentiation of the nodal membrane. This study examines the distribution of ankyrin G 480/270 kDa, the voltagedependent sodium channel, neurofascin, and NrCAM during development in the myelinating sciatic nerve. Ankyrin G 480/270 kDa polypeptides are highly expressed in a uniform distribution along premyelinated axons at embryonic day 16 and redistribute to clusters adjacent to the ends of Schwann cells in early postnatal development. The voltage-dependent sodium channel also is localized in clusters, as reported recently in developing and regenerating nerves (Dugandzija-Novakovic et al., 1995; Vabnick et al., 1996) , and is colocalized at these sites with ankyrin G 480/270 kDa as well as neurofascin and NrCAM. C lustering of neurofascin and NrCAM precedes redistribution of ankyrin G 480/270 kDa and the voltage-dependent sodium channel and also precedes early events in myelin formation, as determined by the expression of myelin-associated glycoprotein (M AG). These results and the finding of clusters in hypomyelinating mice suggest that axonal adhesion molecules define the initial site for subsequent assembly of ankyrin and the voltage-dependent sodium channel into the differentiating nodal axonal membrane and that these events are independent of the formation of compact myelin.
MATERIALS AND METHODS

Preparation of antibodies.
Antibodies against the common tail region of rat ankyrin G 480 and 270 kDa were raised in chickens for double-labeling studies. Chickens were immunized with a purified recombinant polypeptide corresponding to the rat equivalent of residues 1821-2337 of the human ankyrin G sequence. This polypeptide was produced by expression in bacteria of the rat cDNA using the pGemex expression vector (Promega, Madison, W I), resulting in a f usion product with the viral gene 10 protein. Antibodies were initially purified from chicken egg yolk using an Egg Yolk Purification K it (Pharmacia Biotech, Piscataway, NJ) and affinity-purified against purified recombinant polypeptide immobilized on Sepharose CL -6B (Pharmacia) after the previous depletion of antibodies using immobilized gene 10 polypeptide. Antibodies against neurofascin and NrCAM were generated in rabbits using purified recombinant F N III domains (residues 581-1020 of rat neurofascin and residues 583-1018 of rat NrCAM) from these molecules as antigens. These recombinant domains were prepared in bacteria as above. Affinitypurified antibodies were then prepared from sera by purification against immobilized native 186 kDa neurofascin and NrCAM. Native proteins were purified from detergent extracts of adult rat brain membranes as described previously (Davis et al., 1993) . Antibodies against neurofascin did not cross-react with purified native NrCAM by immunoblot analysis and vice versa (Davis et al., 1996) . Antibodies against the voltagedependent sodium channel were prepared by immunization of rabbits with four multiple-antigen peptides corresponding to residues 440 -453, 482-492, 547-561 , and 582-600 of the ␣I subunit (Noda et al., 1986) . These sequences are relatively conserved in the three ␣ subunits expressed in the rat brain and are in an area of the molecule proposed to be a cytoplasmic linker between the I and II transmembrane poreforming units. An area of the rat ␣I subunit (corresponding to nucleotides 1292-2215) encompassing these peptide sequences was cloned from a rat brain library using PCR. The cDNA was subcloned into the pGemex expression vector, expressed in bacteria, and the purified recombinant polypeptide was immobilized and used in the affinity purification of the peptide antisera, as described above. Preparation of affinity-purified antibodies against brain spectrin has been described previously (Davis and Bennett, 1983) . Antibodies against the M AG were purchased from Boehringer Mannheim (Indianapolis, I N).
Gel electrophoresis and immunoblot anal ysis. Gel samples of adult rat brain membranes were prepared as described previously (Kordeli et al., 1995) and fractionated on 3.5-17% exponential gradient gels before transfer to nitrocellulose (Davis and Bennett, 1983) . Bound antibodies were visualized using 125 I-labeled protein A and autoradiography (Davis and Bennett, 1983) .
Immunoc ytochemical procedures. Immunocytochemistry of frozen sections from rodent sciatic nerves was performed essentially as described (Kordeli et al., 1990) . Animals of various ages were killed, and the sciatic nerves were removed by dissection. Sciatic nerves were immediately fixed in 2% paraformaldehyde either overnight at 4°C or for 3 hr at 4°C (for experiments involving antibodies against the voltage-dependent sodium channel) before cryopreservation in sucrose and freezing in liquid nitrogen-cooled isopentane. Primary antibodies bound on 4 m cryosections were visualized with rhodamine-labeled goat anti-rabbit Ig (C appel, West Chester, PA) alone or in combination with fluorescein-labeled mouse monoclonal anti-chicken Ig (clone CH31, Sigma, St. L ouis, MO) in double-labeling experiments. Confocal images were collected on a Z eiss L SM 410 confocal microscope, and final figures were prepared using Adobe Photoshop.
RESULTS
Characterization of antibodies against ankyrin G 480/ 270 kDa, the voltage-dependent sodium channel, neurofascin, and NrCAM Figure 1 shows an immunoblot analysis of total adult rat brain membranes (lane 1Ј) probed with antibodies raised against ankyrin G 480/270 kDa and the following ankyrin-binding proteins: voltage-dependent sodium channel (lane 2), neurofascin (lane 3), and NrCAM (lane 4 ). Chicken antibodies against the common "tail" domain of ankyrin G 480/270 kDa recognize two polypeptides of 480 and 270 kDa as predicted. Ankyrin G 270 kDa arises from ankyrin G 480 kDa by alternative mRNA processing between nucleotides 7202 and 12446 of the ankyrin G cDNA published sequence, removing 1748 amino acids from the ankyrin G "tail" domain (our unpublished data). Antibodies raised against the deleted sequence specific to ankyrin G 480 kDa recognize nodes of Ranvier in adult sciatic nerve (Zhang and Bennett, 1996) as well as nodal intermediates in myelinating axons (not shown). Expression of ankyrin G 480 kDa precedes that of ankyrin G 270 kDa, which is expressed only after day 10 in the developing nervous system. Antibodies raised against the voltage-dependent sodium channel show a single band representing the 260 kDa ␣ subunit, which migrates at 220 kDa in a continuous electrophoretic buffer system (Srinivasan et al., 1988) . These antibodies also strongly label nodes of Ranvier in adult sciatic nerve (Davis et al., 1996) , confirming earlier antibody localization of the voltage-dependent sodium channel to the node (Ellisman and Levinson, 1982) . Antibodies against F N III domains 1-4 of neurofascin and NrCAM show three polypeptides of 186, 155, and 140 kDa for neurofascin as described (Davis et al., 1996) and a single polypeptide of 150 kDa for NrCAM. The three neurofascin polypeptides are alternatively spliced products of the rat neurofascin gene (Davis et al., 1996) , whereas the 150 kDa NrCAM polypeptide represents the extracellular domain of NrCAM (Kay yem et al., 1992; Davis and Bennett, 1994) .
Ankyrin G 480/270 kDa defines a specialized domain within the spectrin-actin network at nodal axon segments of adult nodes of Ranvier
Localization of ankyrin G with respect to spectrin was examined in the adult sciatic nerve by confocal microscopy using doublelabeling with rabbit antibody against spectrin and a chicken antibody against ankyrin G 480/270 kDa (Fig. 2) . Spectrin ( Fig. 2 A) stains continuously along the axon (Trapp et al., 1989) , including the nodal and paranodal areas, characterized by a reduction in axonal caliber. Spectrin staining also occurs in the cytoplasmic process of the Schwann cell on the outside edge of the myelin sheath. Antibody against ankyrin G 480/270 kDa ( Fig. 2 B) , in contrast, is localized to a 1-2 m zone comprising the nodal membrane, in agreement with initial observations of ankyrin G staining (Kordeli et al., 1995) . The ankyrin binding proteins NrCAM, neurofascin, and the voltage-dependent sodium channel also are colocalized with ankyrin G 480/270 kDa at the adult node of Ranvier (Davis et al., 1996) .
Ankyrin G 480/270 kDa and ankyrin B 440 kDa are co-expressed in an abundant, continuous distribution along axons before myelination
The localization of ankyrin G 480/270 kDa and ankyrin B 440 kDa were examined in premyelinated axons of the developing rat nervous system. E xtensive immunostaining for both ankyrins was observed in axons of both the C NS and PNS in the embryonic day 16 rat. Figure 3 shows the colocalization (arrows) of ankyrin G 480/270 kDa (B, D, F ) with spectrin ( A), NrCAM ( C), and the ankyrin B 440 kDa molecule ( E) in axons and bundles of axons emanating from dorsal root ganglia. Ankyrin G 480/270 kDa and ankyrin B 440 kDa as well as the ankyrin-binding proteins were abundantly expressed in these axons and localized continuously along their length. Only faint levels of neurofascin immunostaining were observed, confirming observations that suggest a predominantly postnatal expression for this protein in mammals (Davis et al., 1993; Mocosco and Sanes, 1995) . No staining was detectable in these axons using antibodies to the voltagedependent sodium channel.
These results demonstrate a major difference between the distribution of axonal ankyrins in early development and in adult nerve axons. Ankyrin B 440 kDa, which apparently is present in some axons before myelination, disappears from myelinated axons and is present in unmyelinated axons in the adult CNS (Kunimoto et al., 1991; Chan et al., 1993) . Ankyrin G 480/270 kDa is co-expressed with ankyrin B 440 kDa in embryonic nerve, but in adults it is absent from unmyelinated axons as well as regions of myelinated axons in contact with myelin (Kordeli et al., 1995) (Fig. 2) .
Ankyrin G 480/270 kDa redistributes to clusters containing Na channel, neurofascin, and NrCAM localized at sites adjacent to MAG-staining processes of Schwann cells during myelination of peripheral nerve
The transition from a continuous distribution of ankyrin G 480/ 270 kDa in axons to a highly polarized localization at the node of Ranvier with low expression in unmyelinated axons in the adult was studied in myelinating sciatic nerves during early postnatal development of rats. Myelination in the sciatic nerve occurs between postnatal days 2 and 13, and it occurs at different rates and times depending on the axon. This heterogeneity allows visualization of axons in various stages of myelination in a single section of postnatal tissue, but it also presents a problem in distinguishing early stages in myelination. Expression of the MAG provided a marker for the onset of myelination and for Schwann cell processes that contact axons. MAG is expressed by Schwann cells at ϳ1.5 turns of the Schwann cell around the axon and is initially localized to the periaxonal interface (Martini and Shachner, 1986) . As myelination progresses, M AG becomes increasingly localized to areas of uncompacted myelin such as the paranodal loops adjacent to the nodal axon segment in adult nodes of Ranvier (Trapp et al., 1989) . Figure 4 shows the localization of ankyrin G 480/270 kDa (A, E) with respect to M AG as a marker for Schwann cell processes (C, D) in the 2-d-old rat sciatic nerve. Although ankyrin G 480/270 kDa was still localized predominantly along the length of axons, 1-to 2-m-size clusters of staining (arrowheads) were observed. Clusters were also occasionally observed in pairs ϳ5-10 m apart. Ankyrin clusters were localized to gaps between MAG staining, presumably representing sites of node formation between myelinating Schwann cells. C lusters were also observed at the ends of M AG-positive fibers. Formation of ankyrin G 480/270 kDa clusters correlated with the onset of myelination, as indicated by the expression of MAG. No ankyrin G 480/270 kDa clusters were observed in areas of the sciatic nerve with little or no apparent MAG staining.
The localization of ankyrin B 440 kDa with respect to MAG was also examined in the 2-d-old rat sciatic nerve. Although ankyrin B 440 kDa colocalized with ankyrin G 480/270 kDa in premyelinated axons of the embryonic nervous system (Fig.  3E,F ) , it is expressed at much lower concentrations in myelinating areas (i.e., MAG-positive areas) of the 2-d-old sciatic nerve (Fig. 4 B,F ) . Figure 5 shows the localization of ankyrin B 440 kDa ( A) with respect to ankyrin G 480/270 kDa ( B) in the 2-d-old sciatic nerve and indicates that these molecules colocalize in axons lacking ankyrin G 480/270 kDa clusters. Ankyrin B 440 kDa also is colocalized with ankyrin G 480/270 kDa in clusters, but it is not concentrated to the same degree as ankyrin G 480/270 kDa. Ankyrin B 440 kDa also is present in some but not all adult nodes of Ranvier (our unpublished data). The two ankyrins thus may exhibit some f unctional overlap. The remainder of this study will focus on ankyrin G 480/270 kDa.
Colocalization of ankyrin G 480/270 kDa and ankyrin-binding proteins in developing nerve was assessed at the light level using double-labeling with respect to ankyrin G in the 2-d-old rat sciatic nerve (Fig. 6 ). Ankyrin G 480/270 kDa (D, E, F ) colocalized with the voltage-dependent sodium channel ( G), neurofascin ( H), and NrCAM ( I) in paired clusters. In addition, single clusters also exhibited this colocalization, and no clusters of ankyrin G 480/270 kDa without ankyrin-binding proteins were observed in 94 clusters examined. Inference of the colocalization of these molecules is obviously limited to the resolution of the light microscope in these experiments and awaits further confirmation by doublelabeling immunoelectron microscopy. The relationship of neurofascin-NrCAM clusters to MAGstaining Schwann cell processes is shown at high magnification in the 5-d-old rat sciatic nerve (Fig. 7) . Neurofascin (Fig. 7A, red) is observed in paired clusters where MAG-positive fibers ( green) flank both sides of the pair, as well as single clusters associated with asymmetrical MAG staining. Overlap in neurofascin and MAG staining is clearly observed (Fig. 7, arrowheads) , although the highest density of neurofascin clustering did not overlap with MAG staining and was observed in front of the MAG-positive fiber. Because this antibody also stains paranodal isoforms of neurofascin in adult nodes of Ranvier (Davis et al., 1996) , this result suggests that neurofascin might be playing a role in establishment of glial-axonal junctions important to the formation of the paranodal domain. Figure 7B shows the localization of NrCAM (red) to both paired and single cluster intermediates. In the paired intermediate, the unequal accumulation of MAG staining (Fig. 7B, green) in the developing paranodal area associated with the left-hand cluster suggests differing levels of myelination on either side of the developing node. The NrCAM clusters clearly localize outside of MAG staining in front of the developing paranodal area, with no apparent contact with the myelinating glial cell. A localization pattern similar to that of NrCAM was observed for ankyrin G and the voltage-dependent sodium channel (data not shown).
Clustering of neurofascin and NrCAM precedes redistribution of ankyrin G 480/270 kDa and the voltage-dependent Na channel
The previous experiments demonstrate that ankyrin G 480/270 kDa and ankyrin-binding proteins concentrate in clusters localized adjacent to Schwann cell processes as an initial event in assembly of the node of Ranvier. Double-labeling experiments revealed that all clusters that contained ankyrin also had ankyrinbinding proteins (Fig. 6) ; however, these results do not answer the question of which protein arrives first at clusters. A careful examination of colocalization of neurofascin and NrCAM with respect to ankyrin G 480/270 kDa in the day 2 sciatic nerve revealed the presence of neurofascin and NrCAM clusters without concomitant clustering of ankyrin G 480/270 kDa (Fig. 8) . In contrast, no examples were found of clustered voltage-dependent sodium channel in the absence of ankyrin (not shown). Figure 8 shows rhodamine-labeled clusters (arrows) of neurofascin ( A) and NrCAM ( B) alone and double-labeled clusters of these molecules with ankyrin G 480/270 kDa (arrowheads). These data suggest that clustering of the cell adhesion molecules neurofascin and NrCAM precedes that of ankyrin G 480/270 kDa and the voltage-dependent sodium channel in the myelinating sciatic nerve.
The possibility that NrCAM and neurofascin cluster before ankyrin G 480/270 kDa is f urther supported by comparison of the distribution of these molecules in the 2-d-old sciatic nerve (Fig. 9) . Ankyrin G 480/270 kDa is distributed continuously localized along the length of the axon with a number of focused clusters (Fig. 9, arrows) of the molecule ( A). In contrast, neurofascin (Fig. 9B) and NrCAM ( C) are already highly clustered (arrows), with very little staining observed along the rest of the axon. Double-labeling of these sections with anti- bodies to M AG (Fig. 9D ,E,F ) shows that many of these clusters are associated with M AG-positive Schwann cells (arrows). In addition, a number of neurofascin (Fig. 9E) and NrCAM ( F) clusters (arrowheads) do not appear to be associated with M AG-positive Schwann cells. Similar clusters were not seen for ankyrin G 480/270 kDa. These observations suggest that the cell adhesion molecules neurofascin and NrCAM are the pioneer molecules in the assembly of clusters that subsequently contain ankyrin and the voltage-dependent sodium channel.
Formation of adult nodes of Ranvier occurs by fusion of paired ankyrin G -sodium channel-adhesion molecule clusters
The presence of ankyrin and ankyrin-binding proteins in clusters early in myelination suggests that these clusters represent the initial intermediates in the assembly of a node of Ranvier. The relationship between single clusters, paired clusters, and finally mature nodes of Ranvier was analyzed by measurements of numbers of single and paired clusters and distances between paired clusters at different stages of development (Table 1) . Single clusters are the predominant form at day 2, whereas by day 5 the majority of ankyrin G and ankyrin-binding protein clusters occur in pairs 5-10 m apart, and by day 7 very few single clusters are observed. These results suggest that the first step is formation of single clusters, with a second cluster subsequently forming at a later time. The asymmetric formation of these cluster pairs may be related to differing levels of myelination in the Schwann cells flanking the clusters. The observation of differing levels of myelination on either side of the developing node has been attributed to the partial autonomy of adjacent Schwann cells (Allt, 1969) .
Measurements of distances between ankyrin clusters at different stages of development support the idea that pairs of clusters associated with adjacent Schwann cells flanking the future nodal site fuse to form the mature node of Ranvier. In the 7-d-old rat sciatic nerve a number of paired intermediates are observed that are more highly localized and closer together (Ͻ5 m) than those seen previously in the 5-d-old rat sciatic nerve. Figure 10 shows two different 4 m cryosections of the 7-d-old rat sciatic nerve labeled with antibodies to ankyrin G 480/270 kDa. A number of different nodal intermediates are visible along with a number of mature nodes. These different structures were also stained with antibodies to NrCAM, neurofascin, and the voltage-dependent sodium channel (data not shown). Some of the intermediates in Figure 10 (arrows) have been numbered to reflect inferred stages in the formation of the node of Ranvier. Individual intermediates from each potential stage are also shown at higher magnification. These intermediates also clearly show significant staining of ankyrin G 480/270 in the cytoplasm during early stages of nodal for- mation and a predominant membrane localization for this molecule during later stages.
Formation of nodal intermediates does not require formation of compact myelin
Peripheral myelin protein 22 (PM P-22) is expressed by myelinating Schwann cells and incorporated into compacted regions of peripheral myelin. Mutations in this gene account for the trembler phenotype in mice, characterized by peripheral nerve hypomyelination and continuous Schwann cell proliferation into adulthood (Henry and Sidman, 1988) . In humans, PM P-22 mutations are responsible for Charcot-Marie-Tooth (type 1A) syndrome (Valentijn et al., 1992) , which is characterized by decreased peripheral nerve conduction velocities, segmental demyelination, and partial remyelination, along with Schwann cell proliferation. To study how the inability to form compact myelin affects formation of the node of Ranvier, sciatic nerves of 20-d-old trembler mice were stained with antibodies against ankyrin G , neurofascin, and the voltage-dependent sodium channel. Figure 11 A-C shows the immunolocalization of these proteins in the sciatic nerves of wild-type (ϩϩ/ϩϩ) trembler littermates. Interference contrast microscopy (DIC) shows the presence of compact myelin (Fig. 11 AЈ) , with mature nodes of Ranvier evident as gaps in the myelin sheath (arrows). These nodes clearly label with ankyrin G antibodies (arrows) in the corresponding fluorescent micrograph ( A). Wild-type mature nodes also label with antibodies to neurofascin (Fig. 11 B) and the voltage-dependent sodium channel ( C). Only mature nodes were observed. In contrast, DIC micrographs of the trembler sciatic nerve (ϩϩ/tr) show hypomyelination (Fig.  11 DЈ) with an absence of clearly discernible nodal structures. Staining of these sciatic nerves with ankyrin G antibodies, however, shows localization of ankyrin G to structures resembling mature nodes or potentially single-cluster intermediates (Fig.  11 D, arrows) and to structures resembling the paired-cluster intermediates seen in developing sciatic nerves (large arrowheads). A similar staining pattern was also observed with 
Cryosections (4 m) were prepared from the same areas of three separate sciatic nerves, at each time point, and double-stained for ankyrin G and MAG. No significant variation in staining was noted between different nerves from the same time point. Single clusters were distinguished from mature nodes by the absence of MAG staining on one side of the cluster.
antibodies to neurofascin (Fig. 11 E) and the voltagedependent sodium channel ( F).
DISCUSSION
Ankyrin G 480/270 kDa and the three ankyrin-binding integral membrane proteins neurofascin, NrCAM, and the voltagedependent sodium channel colocalize at the axonal membrane of the adult node of Ranvier in a specialized membrane domain within the spectrin -actin network (Kordeli et al., 1995; Davis et al., 1996) (Fig. 2) . Before myelination, ankyrin G 480/270 kDa and the related ankyrin isoform ankyrin B 440 kDa are co-expressed along with NrCAM in an abundant, continuous distribution along the length of axons, whereas neurofascin and the voltagedependent sodium channel are present at barely detectable levels (Figs. 3, 4) . This study has resolved morphological intermediates in the developmental transition from a continuous distribution of ankyrin G 480/270 kDa in all axons to a highly polarized localization at the node of Ranvier. The first detected event is formation of clusters containing the cell adhesion molecules neurofascin and NrCAM at sites independent of M AG-staining Schwann cell processes. Subsequent steps involve recruitment of ankyrin G 480/ 270 kDa and the voltage-dependent sodium channel to cluster sites defined by the cell adhesion molecules, and elaboration of MAG-staining Schwann cell processes adjacent to these cluster sites. Single clusters with associated Schwann cell processes then are joined by another cluster-M AG-staining Schwann cell process to form a pair, and pairs of clusters then f use to form the mature node of Ranvier. In addition to rearrangements of ankyrins, differences in expression of ankyrins also occur during myelination: ankyrin B 440 kDa is downregulated from myelinating axons soon after expression of M AG and is retained in unmyelinated axons, whereas ankyrin G 480/270 kDa disappears from unmyelinated axons. Ankyrin G is a candidate to couple cell adhesion molecules to the voltage-sensitive sodium channel during assembly of the node of Ranvier. This idea is supported by observations that clusters of neurofascin and NrCAM are joined by ankyrin G 480/270 kDa and the voltage-dependent sodium channel during differentiation of myelinated axons, and biochemical data that suggest a multivalent ankyrin membrane-binding domain (Michaely and Bennett, 1995a,b) . The proposed ankyrin G -mediated link between adhesion molecules and ion channels would allow the cell adhesion molecules to direct the localization of voltage-sensitive sodium channels in the axonal membrane. Additional interactions of adhesion molecules with the voltage-dependent sodium channel also are likely to occur. For example, the ␤-2 subunit of the voltage-dependent sodium channel has homology to the NrCAMbinding protein F11 and potentially could also associate laterally with NrCAM (Isom et al., 1995) .
The observations of this study of early and synchronous clustering of ankyrin and the voltage-dependent sodium channel during differentiation of myelinated axons disagree with the report that clustering of the sodium channel precedes that of ankyrin in neuronal-Schwann cell co-cultures (Joe and Angelides, 1992) . This contradiction may result from differences in in vivo development versus in vitro cultures. Alternatively, ankyrin antibodies used in the earlier study may not distinguish between ankyrin G 480/270 kDa and ankyrin B 440 kDa, both of which colocalize to premyelinated axons (Fig. 3) . The proposal of this study that formation of the node of Ranvier results from the "fusion" of two cluster intermediates composed of ankyrin, the sodium channel, and the cell adhesion molecules is in agreement with the observations of Shrager and colleagues, who have reported sodium channel clusters in single fibers from remyelinating (Dugandzija-Novakovic et al., 1995) and myelinating (Vabnick et al., 1996) sciatic nerve axons.
Clustering of neurofascin and NrCAM could facilitate the subsequent recruitment and enhance the local concentration of ankyrin G and the sodium channel by several mechanisms. The ankyrin membrane-binding domain contains two binding sites for neurofascin as well as additional sites for the anion exchanger (Michaely and Bennett, 1995a,b) and potentially could bind preferentially to dimers or higher oligomers of neurofascin. A second manner in which the clustering of neurofascin and NrCAM might affect binding of ankyrin is through changes in intracellular signaling pathways. For example, tyrosine phosphorylation of neurofascin completely abolishes its ability to bind to ankyrin (Garver et al., 1997) , and local activation of a tyrosine phosphatase could lead to recovery of neurofascin -ankyrin binding. In support of these ideas, Dubreuil et al., (1996) demonstrated recently that concentration of neuroglian, a Drosophila homolog of L1, at sites of cell -cell contact is accompanied by recruitment of Drosophila ankyrin in insect cells.
Recently, Ellisman and colleagues (Deerinck et al., 1997) observed that aggregates of ankyrin and the voltage-dependent sodium channel form in regions of nerves of dystrophic mice that lack Schwann cells, demonstrating that direct Schwann cell-axon contacts are not required for clusters. These findings contrast with the results of Shrager and colleagues (DugandzijaNovakovic et al., 1995; Vabnick et al., 1996) , who have demonstrated a role for the Schwann cell in the organization and positioning of sodium channel clusters. The findings of this study that clusters of neurofascin and NrCAM precede elaboration of MAG-staining Schwann cell processes and that ankyrin and sodium channels cluster in the trembler mutant is consistent with the idea that the axon plays an active role in initial events in myelination and node formation. A possible explanation for these conflicting results is that Schwann cells are able to induce clusters of ankyrin and ankyrin-binding proteins in the axonal membrane, which then act as cues for the correct positioning of the Schwann cell during its adherence to the axonal membrane.
Mechanisms for the induction of ankyrin and ankyrin-binding protein clusters might include the participation of secreted molecules produced by Schwann cells or possibly other cells. Barres and coworkers (Kaplan et al., 1997) have reported that oligodendrocyte-conditioned cell-free medium can rapidly initiate aggregation of sodium channel and ankyrin in axons of cultured rat retinal ganglion cells. Interestingly these clusters appear to be spaced at the correct nodal interval, suggesting that an intrinsic axonal factor might regulate nodal periodicity. An example of a potential soluble factor is agrin, which is an extracellular matrix protein expressed by Schwann cells as well as other cells, including motor neurons (Ruegg et al., 1992) . Agrin induces sodium channel clustering on cultured muscle fibers (Sharp and C aldwell, 1996) and is localized at nodes of Ranvier (Reist et al., 1987) .
This study, based on observations in the myelinating sciatic nerve and experiments with the hypomyelinating mutant trembler, presents evidence that clustering of ankyrin and the voltagedependent sodium channel precedes and does not require the elaboration of compact myelin. Differentiation of the axonal membrane before the elaboration of compact myelin has been noted in electron microscopy studies of myelinating nerves (Waxman and Foster, 1980; Wiley-Livingston and Ellisman, 1980) . The localization of ankyrin and the voltage-dependent sodium channel in the trembler mutant contrasts with the localization of the shak er K ϩ channel, which does not localize to the paranodal area in these mutants (Wang et al., 1995) . A potential qualification in interpreting these results are the cycles of demyelination and remyelination that the trembler mutant exhibits, which may account for the presence of nodal intermediates in the sciatic nerves of these animals. The presence of nodal intermediates in trembler, however, could be relevant to the pathophysiology of human equivalents of this mutation, such as Charcot-Marie-Tooth (type 1A) syndrome (Valentijn et al., 1992) . Formation of sodium channel clusters could still provide electrophysiological benefits compared with totally dispersed distribution and could explain the relatively mild phenotype of this disease. In this case, treatments with agents that promote clusters could provide a potential therapeutic approach to ameliorate this disease as well as other disorders of myelin, such as multiple sclerosis. A candidate for such a cluster-promoting factor is the active component of oligodendrocyte-conditioned medium that induces clustering of ankyrin and sodium channels (Kaplan et al., 1997) .
The observation that ankyrin G is confined within a specialized region of the spectrin-actin network in myelinated axons implies that the spectrin-based membrane skeleton in internodal regions of myelinated axons involves ankyrin-independent attachment proteins. Spectrin does bind directly to brain membranes lacking ankyrin (Steiner and Bennett, 1988) , although the identity of these sites is not yet known. An ankyrin-based mechanism for polarity in axons differs from models for formation of basolateral domains of epithelial cells (Nelson and Veshnock, 1987) . In this system, the targeted recruitment of both spectrin and ankyrin has been implicated in the polarized distribution of the Na ϩ /K ϩ ATPase in the basolateral domain.
In conclusion, this study has used newly defined molecular components of the node of Ranvier to discriminate early developmental stages in myelination. The axonal clusters of neurofascin and NrCAM described here are the earliest stage in assembly of the node of Ranvier yet to be resolved. In addition to these findings, this work also presents a new set of questions. The basis for initial clustering of cell adhesion molecules and the role of extracellular signals versus intrinsic axonal polarity is yet to be determined. The role of axonal vesicle transport in the delivery of ankyrin G 480/270 kDa and the voltage-dependent sodium channel to cell adhesion molecule clusters remains to be elucidated. The negative signals that exclude MAG-staining Schwann cell processes from the nodal axon segment also are not understood. Answers to these questions may eventually contribute to detailed understanding of the cellular events in myelination and help develop effective strategies to promote remyelination in clinical settings.
